A model of the lodging process has been successfully adapted for use on spring wheat grown in North-West 26 Mexico (NWM). The lodging model was used to estimate the lodging-associated traits required to enable 27 spring wheat grown in NWM with a typical yield of 6 t ha -1 and plant height of 0.7 m to achieve a lodging 28 return period of 25 years. Target traits included a root plate spread of 51 mm and stem strength of the 29 bottom internode of 268 N mm. These target traits increased to 54.5 mm and 325 N mm, respectively, for a 30 crop yielding 10 t ha -1 . Analysis of multiple genotypes across three growing seasons enabled relationships 31 between both stem strength and root plate spread with structural dry matter to be quantified. A NWM 32 lodging resistant ideotype yielding 6 t ha -1 would require 3.93 t ha -1 of structural stem biomass and 1.10 t 33 ha -1 of root biomass in the top 10 cm of soil, which would result in a harvest index (HI) of 0.46 after 34 accounting for chaff and leaf biomass. A crop yielding 10 t ha -1 would achieve a HI of 0.54 for 0.7 m tall 35 plants or 0.41 for more typical 1.0 m tall plants. This study indicates that for plant breeders to achieve both 36 high yields and lodging-proofness they must either breed for greater total biomass or develop high yielding 37 germplasm from shorter crops.
Introduction

41
Lodging is defined as the permanent displacement of plant stems from their vertical position as a result of 42 wind acting on the shoot and rain or irrigation weakening the soil and reducing anchorage strength (Berry et 46 2004 ). In fact, as Pinthus, (1974) indicated, these reductions can be at least as great as that resulting from crypotogamic diseases and insect pests in high yielding environments. Lodging affects all cereal species 48 and many other crops, such as oilseed rape and sunflowers, throughout the world. In wheat, lodging can (1995b) suggested that dwarfing genes may have a direct effect to reduce the final grain weight. Dwarfing genes have also been associated with a reduction of water soluble reserves storage capacity (Cossani and 85 Reynolds, 2012) and leaf extension rate (Keyes et al. 1989 ) that might reduce grain weight. Thus, a 86 reduction of the soluble reserves in the stem (particularly in dry environments) (Borrell et al. 1993) 
90
It therefore seems that reducing height to below 0.7 m might not be the best mechanism to improve 91 lodging resistance in modern high yielding wheat. If we consider that the two types of lodging are due to 92 the bending/buckling of the stem base (stem lodging) or the over-turning of the anchorage system (root 93 lodging), then greater lodging resistance in wheat can be achieved by strengthening these structures (Berry 94 et al. 2003b ). In the past, stem strength and anchorage strength have been proposed as key properties of 95 cereal crops for lodging resistance Ennos, 1994, 1993; Easson et al., 1995 Easson et al., , 1992 Ennos, 1991a Ennos, , 96 1991b Graham, 1983; Pinthus, 1974) . Large genetic variation has been identified for the anchorage and Table S2 ).
149
Additionally, during 2013 and 2014 main shoot measurements of the length and breaking strength 150 following removal of the leaf-sheath of the internodes 1 to 5 were determined for five cultivars with 151 contrasting performances in stem strength, material strength and anchorage strength (Table 1) . Internode 1 152 in the main shoot was identified, defined as the first internode of more than 10 mm, originating at or just 153 below the ground surface and without crown roots emerging from its upper node. Subsequent internodes 154 ascending the stem were numbered two, three, four etc., with the uppermost internode referred to as the 155 peduncle. Also, dry weight and the following determination of the water soluble carbohydrates content 156 (WSC) was made on these internodes. WSC content was also determined for the whole main shoot in all 175
The shoot base bending moment (B) was obtained from the density of air (ρ = 1.2 kg m -3 ), the projected 177 ear area (A), the shoot's height at centre of gravity (X), the wind gust speed (V g ), the shoot's natural 178 frequency (n), the acceleration due to gravity (g = 9.81 m s -2 ), the shoot's damping ratio (ξ = 0.08) and the 179 drag coefficient of the ear (C d = 1.0 197 
272
The components of Eq. (8) can be calculated from physiological crop traits measured commonly: grain 274 yield (Y, g m -2 ), the number of ears per metre square (E n ), the ratio of chaff dry weight to total ear dry 275 weight (), the harvest index (HI) and the crop height to the tip of the ear (h, m) (Eqs. 9 -11).
276 (Table 3 ). 
361
466
The present study measured that 1.13 mg mm -1 of structural biomass is required to achieve a stem strength 494 It therefore appears that for this ideotype it should be possible to achieve stem biomass requirements but not 495 root biomass requirements with current germplasm. The NWM environment can support greater yield than 496 the average 6 t ha -1 currently achieved and could be up to 9 t ha -1 (Fischer and Edmeades, 2010) . It is 497 estimated that cultivars yielding 10 t ha -1 (with a height of 0.7 m) will require greater above-ground non-grain biomass equating to 4.67 t ha -1 (assuming no change in leaf and leaf sheath) and 1.28 t ha - matter is partitioned to maximise its usefulness will be very important. Targets for improving the efficiency 514 with which non-grain biomass is used include; maximising stem strength per unit of stem biomass, 515 maximising grain weight to ear weight ratio, minimising the production of infertile tillers and achieving 516 high yields with shorter crops. Breeding for wider stems seems to be the most efficient way to increase the 517 stem strength which together with a reduced leverage given by a shorter plant represents a strategic option 518 to minimise structural biomass requirements. Additionally, breeding for more compact ears (unawned) in 519 spring wheat could further reduce this leverage and consequently reducing more the biomass requirements.
520
However, careful must be taken because awned ears have been related to drought and heat resistance 521 (Blum, 1986 ). 
572
The genetic ranges for the key lodging traits are described in Table 4 and in companion paper (Piñera-573 Chavez et al., 2016) . This shows that it should be possible for plant breeders to achieve some of the 574 ideotype dimensions for a spring wheat crop yielding 6 t ha -1 with height of 0.7 m. Nevertheless, if it is 575 assumed that yield will increase in the following decades then the biophysical targets will increase. For 576 example, if yield is increased to 10 t ha -1 then the stem diameter will increase by 8%, root plate spread by 577 6% and stem strength by 18%. In this case it would be unlikely that plant breeders could achieve a lodging 578 proof plant with a lodging return period of 25 years with current germplasm. Our analysis also showed that 579 the target dimensions will be further increased if yield improvements must also be accompanied by crop 580 heights of more than 0.7 m. 
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Stem characters
Stem measurements were only done on the main shoot. Firstly, internode one was identified, defined as the first internode of more than 10 mm, originating at or just below the ground surface and without crown roots emerging from its upper node.
Subsequent internodes ascending the stem were numbered two, three, four etc., with the uppermost internode referred to as the peduncle. Measurements of the stem base were carried out on internodes one and two of each main shoot, and the lengths of these internodes were measured from the mid-point of their adjacent nodes. Stem diameter was measured at the middle of each internode using digital callipers. The breaking strength of internodes one and two was also determined using a three-point bending test (Easson et al., 1992; Graham, 1983) ; nodes adjacent to the internode were supported on the 'Y' frame, which was clamped to the bench before the hook of a Mecmessin ® basic force gauge (200 N x 0.05 N) was placed around the mid-point of the internode and a pulling pressure applied at an even rate. The force just before the internode bending was considered its breaking strength. Finally, the stem wall width was measured by cutting internodes one and two at their mid-point. Once those internodes were cut, two measurements at right angles to each other were recorded and averaged.
